The engineering of new biomaterials requires an in-depth understanding of the structure and function of the native tissues. Optical coherence tomography (OCT) is a non-destructive technique that allows the visualization of the mierostructure of biological tissues. The aim of this study was to determine if OCT could be used to identify geometric properties of tendons such as crimp pattern. Freshly harvested tendon tissue was imaged with OCT during the application of incremental axial strain. Loads were simultaneously recorded during imaging. Results revealed that birefringent banding perpendicular to the collagen fiber axis could be visualized and measured. This crimp banding disappeared at a very low strain. Birefringent banding parallel to the collagen fiber axis was also seen and it was observed that the number of parallel bands increased as strain increased. Stress-strain data was calculated and found to lie within the expected range. These results indicate that OCT may prove to be a useful tool for the non-destructive analysis oftissue microstructure.
D4TRODUCTION
To engineer new biomaterials or induce the generation of new tissue, the properties and processes of the native tissue must first be understood. The relationship between tissue microstructure and continuum level function has long been a topic of interest in biomechanics and tissue engineering. Mechanical properties of biological tissues depend on structural organization and features, from the microscopic to macroscopic level. Due to the difficulties in accurately visualizing the microstructure, studies of structure-function relations in biological soft tissues are often difficult or impossible. Although histological methods can provide some microstructural information, the techniques require destruction ofthe tissue and often alter the relationship between tissue components.
Tendons and ligaments are small flexible pieces of fibrous connective tissue. Tendons join muscle to bone and ligaments join bone to bone, transmitting force and guiding movement. These soft tissues are commonly injured and heal by scarring, which results in altered interior tissue organization and inferior mechanical properties when compared to control tissues. Surgical reconstruction or replacement is often required. Understanding the behavior of tendons and ligaments is important in order to prevent injuries, optimize reconstruction, and improve replacements. Both tendons and ligaments are composed mainly of type I collagen. Collagen molecules form into microfibrils that aggregate to form subfibrils. A number of subfibrils form fibrils, which associate into fibers or fascicles'. Fascicles finally assemble to form tendons and ligaments. Fascicles can be viewed under polarized light to reveal a longitudinal waveform or crimp pattern. In rat tail tendon fascicles, the crimp pattern on the surface was observed to disappear under low stress23. It is generally accepted that the sfress-strain curve for collagenous tissue is not linear, but consists of three regions, the first of which is called the toe region, in which collagen fibers gradually straighten4. It is believed that the transition from the toe region to the second region, which is linear, is the point at which the crimp pattern has completely straightened or disappeared. The third region is again nonlinear, due to the onset of internal failure, and ends at complete failure. It is of interest to note that the physiological ftmction oftendon is mostly confined to the toe region5.
Magnetic resonance diffusion tensor techniques have been used to measure fiber orientation in canine myocardium7 and the lamellar structure of the intervertebral disc8. Others have developed non-invasive techniques to investigate the composition of the different layers of skin9. Optical Coherence Tomography (OCT) provides a relatively inexpensive, non-desiructive alternative for the analysis of soft tissue microstructure, with resolution that is potentially superior to the aforementioned techniques in three dimensions (on the order of 15 im)'°. OCT is an optical analogue to ultrasound, utilizing reflected nearinfrared light instead of sound. The intensity of reflected low coherence light is measured, using a Michelson interferometer to determine its spatial origin ( Figure 1 ). It is a recently developed technology that has been used to image many biological tissues in vitro or in vivo, including skin", retina'2, oviduct'3, aorta'4 and tendon '5. The birefrmgent nature of collagen enables the visualization of crimp pattern under polarized light in the form of light and dark bands perpendicular to the collagen fiber axis. Birefringence previously seen in OCT images, however, appears to be indicative of tissue state'6. Collagenous tissues observed under polarization sensitive OCT (PS-OCT) lose birefringence when they are damaged'7 or disorganized'8. Boer'5 used PS-OCT to image fresh bovine tendon, revealing banding parallel to the fiber axis. Tendons are highly organized even in their relaxed state, resulting in the appearance ofbirefringence effects in OCT images, even using OCT that is not polarization sensitive. As tendon is stretched, the fibers straighten and become more perfectly aligned with the tendon axis. This has been reported to correlate with changes in the crimp pattern of the collagen.
Nondestructive and potentially noninvasive measurement of the ultrastructure of collagenous soft tissues would provide a unique method for the evaluation of normal and healing tissues and the efficacy of treatment regimens. The technique could also be used to determine microstructural parameters for constitutive models of the tissue material behavinr'9. The objectives of this work were to assess the feasibility of quantifying the crimp pattern of tendons under different states of strain. Our hypotheses were that OCT imaging would allow visualization oftendon crimp pattern because of its birefringent nature, and that the birefringence would be extinguished as successively increasing increments in tensile strain were applied to the tendons.
METHODS

Optical coherence tomography
The OCT system used to image tendons in this study was recently built by the investigators and is similar to one described by 1 endons from the forelimb of a mature sheep were obtained immediately following slaughter. Rat tail tendons from four Sprague Dawley rats were obtained immediately following sacrifice. All tendons were kept continuously moist with 0.9% buffered saline during harvest and preparation, and images were acquired within 48 hours of sacrifice. Sheep tendons were excised from the surrounding tissue and trimmed to a length of approximately 35 mm. The tendons were gripped in stainless steel clamps and mounted in a custom-built stretching apparatus (Figure 2 ). The skin was removed from the rat tails and pieces of tendon were carefully dissected away from the proximal end of the tail. Single fascicle specimens were teased out of the tendon section. All rat tail fascicles were secured with cyanoacrvlate between two small pieces of rubber to increase the gripping area and avoid tissue damage at the clamped area. Nylon thread markers were attached transverse to the collagen fiber direction of the tissue with cyanoacrylate. on specimens longer than 20 mm (Figure 2. inset) . Each end was then placed in a metal clamp, allowing for a small amount of slack to keep from prematurely stretching the tissue. The stretching apparatus was then attached to the motorized stage and the saline bath was filled to just cover the tissue.
Mechanical testing
The sheep tendons were used in the initial development and validation of the experimental protocol, while the rat tendons were used to correlate crimp with the stress-strain behavior of the tissue. The width and thickness of rat tail specimens were measured using digital calipers and the cross-sectional area was determined using the assumption of elliptical cross-sectional geometry. Thickness measurements were later verified using values determined from the OCT images. The nylon markers formed a gage length for strain measurements using images acquired by the OCT system ( Figure 2 ). In rat tail fascicle specimens that were shorter than 20 mm. clamp edges were imaged to form the gage length. One clamp was attached to a translation stage and the other was fixed to a stationary plate. A micrometer adjusted the position of the translation stage to apply strain to the clamped tissue. The stretching apparatus was attached to a computer-controlled motorized stage to allow movement along the collagen fiber axis for OCT image acquisition. The zero-load length of the tissue was established by consecutively applying and removing a small tare load via adjustment of the micrometer. The clamp-to-clamp distance was then measured with calipers. An image of the tissue with zero-load length was acquired in the vertical plane with the OCT system. Using the measured zero-load length, the rat tail fascicle was consecutively stretched to lengths corresponding to 1. 2. 3. 4 and 5% clamp-to-clamp strain or 30-50 tm increments. The exact tissue-level strain for the rat tail fascicles was later determined from the change in distance between the nylon thread markers in the OCT images. A 100 lb. load cell (Transducer Techniques, Temecula, CA). integrated into the stretching apparatus, was connected to an amplif'ing circuit and then interfaced with a data acquisition system. The load was continuously monitored and recorded during the application of each strain increment, and an OCT image was acquired for each strain increment when the change in load dropped below a value of 0.03 N/sec. Engineering stress. . was calculated at each strain increment using the initial cross-sectional area A and the measured load Fas c F/A0.
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Data analysis
Strain and crimp period were measured using image analysis software (Scion Inc., Frederick, MD). Marker-to-marker distances were measured to determine the strain ci the tissue portion being imaged. Engineering strain was calculated as 4L/L, where L0 is the marker-to-marker distance on the unstrained tissue and zlL is the difference between the Strained marker-to-marker distance and L0. Crimp period, identified by one dark and light band pair, was measured over the imaged length and ranges were reported.
RESULTS
Crimp pattern and birefringence changes
Preliminary tests on sheep tendons show how the ultrastructure of the tendon differed under different strain conditions. In Figure 3 , both vertical and horizontal banding is seen in the interior of the tendon. The vertical banding is believed to represent the collagen birefringence due to crimp, while the vertical banding is likely a part of the structural organization of the tendon. As strain was applied to the tissue, the vertical banding gradually disappeared from the images (Figure 4) . The dark region in the top center of the tissue is due to dehydration of the tissue. The black nylon markers placed on the top surface of the tissue absorb the light and cause the thick dark vertical stripes seen in the images. All images show x and z scales in millimeters and the intensity scale in decibels. Figure 5D ranged from 100 p.m to 160 pin. Crimp banding disappeared in Figure 5E . There is little change between images A, B, and C, the first two increments of strain. All three images show distinct vertical and horizontal banding. The third increment shows decreased visibility of crimp banding and an additional bright horizontal band appears. Larger crimp periods seen in the previous images have disappeared and only small crimp periods remain in Figure 5D . In the final image the crimp banding can no longer be distinguished and the new horizontal band in the previous image has increased in thickness.
Stress-strain data
Stress strain data for single fascicle tests is plotted in Figure 6 . Values are within the expected range. using PS-OCT to look at bovine tendon, and in addition revealed the vertical birefringent banding indicative of crimp pattern. Knowing that crimp pattern is believed to disappear at low strain, we desired to kind if OCT could image this process. Also, understanding that birefringent horizontal banding indicates tissue state or level of organization, we wanted to see if the horizontal banding changed as the tendon was strained. Prior to these tests, we introduced a polarization-rotating element into the sample arm ofthe system. Changes in the banding appearance were observed as the element was rotated, assuring us that the banding observed was indeed a polarization effect. Figure 5A -E shows the progressive change in birefringent banding of rat tail tendon fascicle. Relaxed crimp period measurements are in the same range as the 120 un measurement made by Diamant3. We attribute the change in the appearance ofthe banding to the removal ofthe crimp. We attribute the increased brightness and number ofhorizontal bands to the increased level of organization that strain induces in the tissue by pulling the fibrils into more parallel alignment with the tensile axis.
A comparison of clamp-to-clamp and marker-to-marker strain was not presented herein. Under very low strain measurements, the two measurements correlate well. At higher strains, the measurements differed in some of the tests. It was observed that the markers in these tests were adhered to the very thin fascia that covered the fascicle. The stretching of this fascia often did not appear to correlate with the stretching ofthe tendon tissue beneath it, accounting for the difference in measurements. Clamp-to-clamp strain values were used in these cases. In future work the thin fascia will be removed prior to testing.
Stress-strain data for the rat tail tendon fascicles was within the range reported in the literature2' of 0 to 20 MPa for strains of 0 to 5%. This suggests that our stress and strain measurements were accurate and provide a good reference between collagen crimp period, applied strain and resulting stress in the tissue. This information, combined with images taken at smaller strain increments, can provide accurate detail on the state of the tissue as it passes through the toe region and transitions into the linear region. Three-dimensional images would be even more useful in determining tissue state, measuring crimp period and measuring cross-sectional areas. Work is presently in progress to develop a real-time OCT imaging system that would then be capable oftaking continuous images as tissue is mechanically loaded.
